ABSTRACT. The overall heat-transfer coefficients for four self-heating composting experiments were determined and mathematically modeled based on an energy balance approach. Heat dissipation to the surroundings through combined conductive/convective/radiative heat transfer mechanisms has been considered. Energy balance parameters were mathematically modeled with time for the data collected for the composting of mixed yard/green vegetables wastes, broiler litter and bagasse in PVC drum composters. The rates of reaction for the mixes varied between 7.5 and 8.75 K/day for the first 4 days, after which the rate of temperature decrease varied from 1.32 to 3.01 K/day. 
Introduction
Composting has been described as a high-solids aerobic degradation process (VanderGheynst et al., 1997) and is typically characterized by the attainment and extended maintenance of thermophilic temperatures [45 to 65 °C (McKinley and Vestal, 1984; Fogarty and Tuovinen, 1991; Eklind and Kirchmann, 2000a; Copperband, 2002) ] and the production of a stabilized, agriculturally beneficial product (Haug, 1993) . Aerobic biodegradation is an exothermic process, and in solid-state systems, the limited surface area-to-volume (SA:V) ratio of most high-rate processes limits heat loss and causes temperatures to increase (Finstein et al., 1985; Miller, 1991; Haug, 1993) . These higher temperatures result in an increase of the degradation rates. Higher degradation rates liberate additional energy, creating a positive feedback loop (Richard, 1997) and increasing both temperatures and degradation rates up to an optimum temperature, above which degradation rates now start to decline. Maintaining composting systems close to this optimum has been an integral part of most engineering design and analysis of composting systems (Finstein et al., 1985; Haug, 1993; Keener et al., 1993; Richard and Choi, 1996; Stombaugh and Nokes, 1996) .
Many studies of the aerobic composting process have been reported and researchers have preferred to the use of laboratory-or pilot-scale composting reactors. Mason and Milke (2005a) proposed that laboratory-scale composting reactors may generally be identified as those with a volume less * Corresponding author: ackmezchem@yahoo.co.uk than 100 L and an SA:V ratio of more than 10:1, whilst pilotscale reactors may be classified as those with a volume of 100 to 2000 L and an SA:V ratio in the range of 4 to 10. Mason and Milke (2005a) further categorized the reactor types used for compost study as fixed-temperature, self-heating, controlled temperature difference and controlled heat flux, depending on the management and distribution of the total heat flux through the vessel walls. In laboratory-or pilot-scale experiments, an increase in control over the process operating conditions is typically accompanied by a certain loss of "reality of the process" which is inherent to full-scale systems. This is particularly relevant to the composting process, where heat transfer and fluid flow considerations are of critical importance. Thermodynamic factors affecting the generation and transfer of heat in the composting system are therefore of over-riding importance (Hogan et al., 1989) because of their effects on biological activity, moisture and water vapour transport, natural ventilation or free convection, oxygen levels, and temperature distribution patterns within the composting system.
The self-heating reactor is a reactor relying solely on microbial heat production to maintain process temperatures. The self-heating reactor has been widely employed in composting research, especially for process evaluation Elwell et al., 1996) , substrate compostability (Elwell et al., 1996; Das et al., 2001; Keener et al., 2002) , mathematical model validation (Kaiser, 1996; Stombaugh and Nokes, 1996; VanderGheynst et al., 1997; Mohee et al., 1998) , analysis of the fate of specific compounds including toxics (Day et al., 1997) and for exit gas composition/odour studies (Ekinci et al., 1999; Krzymien et al., 1999; Elwell et al., 2002) . Both reactor size and insulation specifications have varied widely. Selfheating laboratory-scale reactors have been shown to typically suffer from disproportionately large heat losses through the walls, even with substantial insulation present. At pilot-scale, though, even moderately insulated self-heating reactors are able to reproduce wall losses similar to those reported for fullscale systems (Mason and Milke, 2005a) .
The conductive/convective/radiative (CCR) heat losses (Mason and Milke, 2005b) have typically comprised a minor proportion of the total heat flux (Mills, 1995) for large-scale composting systems. Losses by conduction of 10.9% and 3.9% were reported for commercial scale plants by Bach et al. (1987) , while for full-scale systems, Weppen (2001) found that, after 12 days of in-vessel composting, only 4% of the cumulative losses was due to conduction. However, on reduction of scale, vessel surface area-to-volume ratios increase to an extent that experimental reactors may show disproportionately large CCR losses (Mason and Milke, 2005b) . Weppen (2001) calculated that 61.6% of the heat loss for an in-vessel composting reactor was due to conductive losses, although the vessel had been "well-insulated"; whilst Hogan et al. (1989) stated that 33.5% of the total heat loss budget was due to conductive wall losses. Koenig and Tao (1996) reported that about 67.6% of the biologically generated heat was lost through the walls of their pilot-scale reactor. Hence, these patterns in heat loss sharply highlight the significance of heat loss by CCR mechanisms in self-heating composting reactors as scale decreases, and urge further research in this respect. While the term "conduction" has commonly been used in composting literature when referring to wall losses (Bach et al., 1987; Das and Keener, 1997; Robinzon et al., 2000; Mason and Milke, 2005a, b) , the heat transfer mechanisms of convection, conduction and radiation should all be considered collectively when assessing heat transport phenomena at composting reactor system boundaries. In fact, mathematical models of the composting process (van Lier et al., 1994; Higgins and Walker, 2001; Mason and Milke, 2005a; Mason, 2006) typically include the overall heat transfer coefficient (U), which allows conductive, convective, and radiative heat losses to be lumped together. This approach has the advantage of allowing bulk fluid, or solid, temperatures to be used in heat transfer calculations for designing large-scale composting reactors. However, the wide research conducted to date to model the heat transfer processes (Andrews and Kambhu, 1973; Finger et al., 1976; Hamelers, 1993; Hogan et al., 1989; Stombaugh and Nokes, 1996; Richard, 1997; VanderGheynst et al., 1997; Higgins and Walker, 2001; Mohee et al., 1998; Sangsurasak and Mitchell, 1998; Nielsen and Berthelsen 2002; Ekinci et al., 2004; Xi et al., 2005; Richard and Walker, 2006) of the composting process has not comprehensively addressed the variations of the overall heat transfer coefficient during the composting process stages. The work presented in this paper addresses this specific research need.
The objective of this paper is to assess the heat transport phenomenon of a self-heating reactor aerobic composting process for a variety of composting substrates by determining the variation of the overall heat transfer coefficients for the main process phases. The U-values will be determined empirically from an energy balance consideration for the whole process. Although numerous attempts at modeling composting systems have been reported in the literature, all of these models have assumed the physical properties of the compost bed to be constant. Consequently, the U-values deduced to date are only crude estimates and do not portray the variations of this thermodynamic property. Therefore, these models were unable to fully quantify the effects of non-homogeneous compost matrix on the variations of these physical properties. The modeling approach reported in this article is innovative in the sense that the variations of many of these physical properties of the composting process have been considered. In this respect, for the reactor configuration studied, the variations in time of most of the physical parameters (dynamic volume of compost bed, cross-sectional area of compost bed, dry bulk density of compost, rate of temperature change and rate of change in dry mass of compost left) appearing in the energy balance have been fully considered. As a result, the present work succeeds in capturing the temporal variations of U-values for a composting process.
Materials and Methods

Experimental Apparatus
A self-heating reactor was used for all the composting experiments carried out in this study (Figure 1 ). The pilotscale batch composter (200 L) was designed of PVC plastic with a thickness of 4 mm, an internal diameter of 550 mm (2r) and a length of 880 mm (l). Two adjacent holes were made in both sides of the drum through which two PVC pipes of 1 mm thickness and 50 mm internal diameter were passed. The pipes were perforated at about 20 mm intervals along the upper circumference and 40 mm intervals along the length of the pipes with holes 5 mm in diameter, and allowed the diffusion of air through the compost mixture thus ensuring aerobic conditions. The upper side of the drum was perforated with 3 holes of 50 mm diameter and spaced at 220 mm along the length of the drum. They allowed temperature measurements to be affected and allowed free exchange of air between the compost pile and the atmosphere.
Composting Mixes and Composting Experiments
Four different composting mixes consisting of biodegradable organic wastes were set up (Table 1) . Statistical analyses were made at a later stage to assess the effects of using the same substrates in different proportions on the overall system heat transfer process performance (Sartaj et al., 1997) . The yard wastes comprising green leaves, fresh grass clippings and wood twigs/branches were coarsely shredded to reduce their size. The mixed vegetable and food wastes were also cut to sizes ranging from 3 to 7 cm. The respective mixes were prepared, thoroughly mixed manually until a homogeneous mixture was produced and the whole mixtures respectively filled into the reactors. Excessive compression was avoided in order not to induce low air contents that could develop into anaerobic (anoxic) conditions (Richard, 1997) . Table 2 gives the initial carbon to nitrogen ratios (C/N), initial wet basis moisture contents and initial bulk density for the four mixes. Both moisture contents and C/N ratios were within acceptable (optimum) limits as starting conditions for composting (Haug, 1993) .
The four composting experiments were run until stabilization. The mean compost matrix temperature, mean compost matrix wet moisture content, mean compost matrix wet bulk density and the drop in height (h) of the top matrix level (Figure 2) were measured (in triplicates) at regular time intervals during the entire process durations using methods adapted from TMECC (2001). The temperature was taken at three different points in the matrix (one in the middle and two at the right and left extremities) using a thermocouple probe. The bulk density was determined by dividing the mass of sample by its occupied volume. The moisture content was determined gravimetrically following standard laboratory procedure of 18 to 24 h of oven heating at 105 °C. The drop in height was mea- sured with a 30 cm steel ruler as the length h as indicated in Figure 2 . Figure 2 shows the transverse section of the reactor (length l, 0.88 m) used for the pilot-scale composting experiments. Due to microbial degradation of organic matter, there are both mass losses and volume losses (Agnew and Leonard, 2003; Breitenbeck and Schellinger, 2004) . These cause the compost bed to settle down by a depression h (cm), as measured from point 4 down to the middle of chord 1 to 3. The segment 1-2-3-1 bounds the transverse section of compost left within the reactor at a particular point in time during the degradation process, while segment 1-3-4-1 bounds the segment representing the volume decrease in the total composting mass. The depression has been found not to exceed below the centre of the reactor for the composting experiments that were monitored. The angle (in degrees) subtended on the circumference at point 1 and 3 from the centre of the matrix is φ. Also, φ = 2θ. 
Geometry of Compost Reactor
Energy Balance Parameters
Energy Balance
Assuming negligible heat loss due to thermal radiation (Haug, 1993; VanderGheynst et al., 1997; Mohee et al., 1998; Tollner et al., 1998) , the following equation is, in principle, produced from an energy balance around the compost reactor (Vining, 2002) with the immediate "cushion of air" around the outer reactor walls as boundaries:
where The rate of energy generation which is the product of the rate of change of dry mass (dm s /dt) with time and the heat energy generated per unit mass during decomposition, is expressed as:
where h c is the heat of combustion of substrates (kJ/kg) and m s the dry mass of compost (kg) (Robinzon et al., 1999) . The most significant terms in the heat balance for a composting system at full and pilot-scale have been identified as biologically generated heat, and the latent heat of vaporization of water accounting for the conductive and convective heat losses (Bach et al., 1987; Haug, 1993; Robinzon et al., 2000) . From this perspective, assuming a negligible inflow energy term (E in ≈ 0) with respect to the other energy terms in Equation 1 (Vining, 2002) , the following equation relating U and the other parameters is obtained:
Separation of variables and subsequent integration with respect to time t and temperature T is not possible explicitly since the physical properties other than the heat of combustion and specific heat capacity of compost can not be assumed constant in time (Larney et al., 2000; Breitenbeck and Schel-linger, 2004) . Thence, one approach to evaluate U at this level is to determine the temporal expressions for V, ρ, m s , A and dT/dt, and subsequently compute values for U for every (t, T) pair recorded during the composting experiments. The mathematical functions for the parameters with time t as the independent variable need to be considered since the process is dynamic and ignoring these variations would inevitably induce significant errors at an early stage in the calculations.
Constants in Energy Balance
Specific heat capacity of compost materials, C ps
Since the accumulation term accounts for a relatively small proportion of the heat balance (Weppen, 2001) , this simplification may introduce a relatively small error into the derivations and calculations to follow. Since C ps tends to vary significantly with moisture content (≈ 11%) (Ranasinghe et al., 2002) , the following correlation (Hon, 1999) will be used to deduce a value for the average specific heat capacity of compost used in conjunction with 
where θ v is the volumetric moisture content (m 3 /m 3 ). The θ v is related to the wet moisture content (M, decimal fraction) of the compost as follows:
Since the wet moisture contents for the mixes were nearly constant during the entire process, mean values for M will be used to evaluate C ps (J/kg.K) for each mix as has been previously done by VanderGheynst et al. (1997) and in developing their model for energy flow in compost piles.
Heat of combustion, h c
Because the compost mixes used in the experiments consisted of a variety of substrates used in different compositions, it was deemed necessary to determine the true calorific values for the mix components from experiment. Table 3 presents the results obtained from the bomb calorimetry experiments performed on the substrates. The average mass-weighted heat of combustion for every mix can thence be calculated given the percentage mass composition for each mix is known from data in Table 1 .
Parameters with Temporal Variations
It is important to realize that the dynamic nature of the composting process causes many physical properties to change significantly in time during the degradation (Larney et al., 2000; Eklind and Kirchmann, 2000a, b; Agnew and Leonard, 2003; Breitenbeck and Schellinger, 2004; Michel et al., 2004; Mudhoo, 2004; Mohee and Mudhoo, 2005) . Figures 3 to 6 show the graphical variations of mean compost matrix temperature, mean wet bulk density, mean wet moisture content and mean height drop recorded for the four composting experiments monitored in this study. The temperature profiles for all mixes depict the main stages of the aerobic composting process. There is an initial rapid rise of temperature into the thermophilic temperature range (≈ 50 to 65 °C), after which the temperatures decrease until stabilization to ambient conditions. Based on the temperature profiles obtained for the composting mixes, it may be observed that the composting experiments ran according to the typical aerobic composting behaviours VanderGheynst et al., 1997; Mohee et al., 1998) . Table 4 presents the percentage change in the wet bulk density and mean height drop for the four composting experiments. In this respect, it becomes more realistic to consider these temporal variations while attempting to determine the U-value(s) for the heat transfer processes occurring between the reactor and its immediate surroundings. Variations in bulk density have been reported (Larney et al., 2000; Agnew and Leonard, 2003) incorporated into several mathematical models of the composting process van Lier et al., 1994; Das and Keener, 1997) and into process design methods (Veeken et al., 2003) . In addition, Bari et al. (2000b) have investigated the relationship between height and substrate degradation rates experimentally. Based on the dynamic geometry of the compost mass left within the reactor following microbial degradation and of its effects on the temporal variations of the total surface area for heat transfer, volume of compost, dry mass of compost and bulk density of compost, the latter need to be parameterized in terms of composting time, t, before determining a reliably representative U-value(s) for the thermodynamic behaviour of the system.
Total surface area for heat transfer
The total surface area for heat transfer in contact with the reactor walls is the sum of the curved surface area along the length of the reactor (A curved ) and the surface area of the two sides (A side ):
Based on the geometric details provided in Figure 2 and using circular measure, we have: 
The dry bulk density of the compost remaining in the reactor is determined by a regression technique for the set of corresponding data collected from the composting experiments. Using the relationship m s = ρ(1 -M)V, the rate of dry mass loss of compost is then also deduced for each mix. The rate of temperature change with time (dT/dt) is deduced by calculating the gradient at regular time intervals from each mix's temperature-time profile (Figure 3 Table 5 shows the values for the constants required for the evaluation of U-values based on the energy balance consideration. The ambient temperature has been assumed to be the same for the four mixes, and is a mean of the final ambient temperatures for the four mixes after process stabilization. 
Results and Discussions
Dynamic Parameters in Energy Balance
C p , h c and T ∞
Fourth degree polynomial variations
The total surface area for heat transfer (A) and total volume of compost (V) were fitted to a fourth degree polynomial expression with high correlation coefficients (coefficient of determination or R 2 -value) (Hair et al., 1998) : 
where a and v are numerical constants. Table 6 presents the expressions obtained. 4.1.3. Dry bulk density variation The dry bulk density for the compost mixes varied as a power series and these trends corresponded to the highest correlation coefficients. The rate of temperature change of compost in the reactor is determined from the gradient of the temperature-time profile at a particular point. The results for rate of temperature change of compost in the reactor are presented in Table 9 and Figure 9 . Data in Figure 9 show that the initial rates of reaction for the mixes are characterized by sharp rises in temperature (7.5 to 8.75 K/day for the first 4 days). From day 5 to day 24, the rate of temperature change varies from -3.01 to -1.32 K/day. Beyond day 25, the rate of temperature change is zero. These results can be explained based on the microbial activity of the microorganisms on the substrates. Following the brief lag time before microbial activity (Mohee, 1998 ) is fully onset, the rate at which an active and acclimatized microbial population starts to degrade is the highest. Also, the initial moisture content, free airspace (76.3%) (Mudhoo, 2004; Mohee and Mudhoo, 2005 ) and carbon to nitrogen ratio being in the optimum range support the biodegradation processes. Thus, during the first 3 to 4 days of microbial activity, large quantities of heat energy are released and the rate of temperature rise is accordingly very steep with high temperature peaks being attained (65.2 °C for mix 1 and 66.2 °C for mix 4). Once the active degradation process is completed and temperatures subside from the upper thermophilic range of 65 °C into lower mesophilic temperatures of less than 45 °C, both substrate quantity and the oxygen levels have become limiting to some extent (free airspace has been found to decrease after the active thermophilic degradation phase by 37.5% (v/v) (Mudhoo, 2004; Mohee and Mudhoo, 2005) . Turning will then replenish the matrix with oxygen. But, the subsequent cooling effect (Larsen and McCartney, 1998 ) and a lowered microbial activity (Komilis, 2004) cause the metabolic biological heat energy release into the matrix to decrease signifycantly. As a result, the compost matrix starts to cool and temperatures decrease at a lower rate. The shift in the amount of metabolic heat released and the onset of an initial high rate of cooling is depicted by the troughs in the profiles shown in Figure 9 . Mathematical models for the variations of the rate of change of temperature with time t (of a first order intermediate with equilibrium form simplified to Equation 12) were deduced using the SYSTAT ® TableCurve 2D v5.01.02 software at a 95% confidence. A total of 2593 mathematical equations were scrutinized for the best fit for the experimental set of data, and the best model was held on basis of the highest coefficient of determination (R 2 -value) and the least sum of squares of errors. The results for the models are presented in Table 10 . Thus, we have:
where P, Q, q, S and s are numerical constants, and the model equations are valid for a time interval of 3 ≤ t ≤ 33 days. 
U-Values
Making U subject using Equation 3, the following is obtained:
Using the highly correlated temporal variations for the dynamic properties and the constants from This procedure is repeated for the other mixes. Figure 10 depicts the graphical variations of U-values in time. Figure 10 shows that the variation of U-values for the self-heating composting experiments for the organic substrates composted in different proportions is two-tiered. The two sets of variation (for any one mix) are partitioned after day 3 and this corresponds to the final stages of active thermophilic phase of biodegradation. The initial boost of energy liberated within the compost matrix causes the rate of energy loss to be high. This argument is supported by the rate of temperature rise data in Figure 9 . Consequently, the initial Uvalues (before day 3) are much larger as compared to the values that follow after day 3. The highest U-value has been calculated for mix 4 (263.9 W/m 2 ·K) while mix 1 has a maximum U-value of 35.5 W/m 2 ·K The proportion of readily biodegradable organic matter (mixed green vegetables and broiler litter) being relatively highest in mix 4 (87.5% by mass as compared to 55.6% for mix 1, 50% for mix 2 and 62.1% for mix 3 on a free water water-free basis) could have well produced the highest release of heat within the compost bed and favoured high rates of energy loss. Sharp drops in U-values from the start up of the composting process to the end of the active biodegradation phases are of the order of 90.8, 88.7, 94.6 Figure 10 . Change in U-value composting time. These large decreases support the fact that a relatively large amount of energy is released during active composting, and the system rapidly dissipates this excess energy to the immediate surroundings allowing for a rapid cooling rate. The second portion of U-value variation depicts a quasi-steady range of U-values. Except for certain discrepancies noted for mix 4 * on days 15 to 18, the cooling phase for composting process is characterized by relatively low U-values ranging from 2.44 to 8.15 W/m 2 ·K. Mathematical models for the trends in U-values with time t were deduced by using the SYSTAT ® TableCurve 2D v5.01.02 software for a 95% confidence interval. All four trends fitted best to the balanced order polynomial of the form given in Equation 18 after a total of 2,920 mathematical equations had been sorted for a very high * Turning of mix 4 on day 15 could have exposed biodegradable matter that had been trapped down in the reactor to conditions favourable for decomposition. As a result, a further release of energy could have occasioned the rise in U-values. coefficient of determination, the least sum of squares for errors and statistically suitable F-values. The results for the models are presented in Table 11 In order to assess the statistical validity of the final mathematical model equations deduced for the rates of temperature change and U-value variation, a goodness-of-fit analysis was performed from a student's t-test (the hypothesis testing) and a one-way analysis of variance (ANOVA) test using the SYSTAT ® 11 software (Hair et al., 1998) . Gradient techniques of the Levenburg-Marquardt algorithm and least squares minimisation were applied for U-value data analysis. Gaussian Tables 12 and 13 . As a fit becomes more ideal, the R²-value approaches 1.0, the standard error decreases toward zero, and the F-value goes towards infinity. The t-value is the ratio of the parameter value to the standard error associated with it, and P > |t| measures its level of significance. The p-value measures the level of significance of the F-value.
Analysis of U-values
The fit standard errors for both parameters for all mixes are relatively close to zero (0.014 to 0.372) except for mixes 2 and 4 in Table 13 . The F-values for all mixes for both parameters are relatively very high ranging from 210.7 to 303.2 for a lower range and from 2637.7 to 92915.2 for the upper range. Both sets of results of the ANOVA tests show that the levels of significance (p-value) for both parameters are well below the critical level of significance (α).
It should be highlighted that the mathematical structure of the model equations modeling the rate of change of temperature (first order intermediates with equilibrium) and Uvalue variation (balanced order polynomials) remains the same for any mix. This suggests the reproducibility of the model equations. However, the equations should be used for the timeframe specified for each model. This is because these functions exhibit unrealistic reaction in other time domains.
Conclusions
In this study, four composting experiments have been run till stabilization and a series of data have been collected to assess the variations of physical parameters. Based on an energy balance conducted over the whole system, the variations in the overall heat transfer coefficients were comprehensively deduced by mathematically modeling the temporal variations of the energy balance parameters for the process durations. The results have shown that variations of U-values are twotiered with values being highest during the active (heating up) degradation phase, and relatively stable at much lower values (up to 95.0% lower) during the cooling phase. Also, the extreme closeness of the correlation coefficients to 1 and the favourable statistical analysis results support the accuracy and validity of the model equations, and suggest that the model equation for U-value is independent of the nature the substrates. This novel approach in mathematical analysis has modestly, but accurately, captured the thermodynamics of the process and produced conclusive mathematical results, and hopes for a better understanding of the heat transport phenolmena in self-heating reactor composting environments by following the overall heat transfer coefficients. Throughout the analyses and derivations performed in this study, it has been intuitively deduced that fluid flow aspects may well be relevant to the heat transport phenomena involved. In this respect, an attempt to study the heat losses for similar composting environments from a fluid flow approach arises as a future research need.
